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(57) ABSTRACT 

A semiconductor laser element capable of reducing an 
element resistance and producing a beam of high quality 
includes: an n-Ga 1 . 24 Al Z4 N composition gradient layer pro- 
vided between an n-GaN contact layer and an n-Gaj. 
ziAl^N/GaN superlattice clad layer; an n-Ga 1 . z5 Al z5 N 
composition gradient layer provided between the n-Ga^ 
ziAl^N/GaN superlattice clad layer and an nor i-Ga^ 
tzAIzzN optical waveguide layer; a p-Ga 3 _5r 5 Al zs N compo- 
sition gradient layer provided between a p- or i-Gaj.^Al^N 
optical waveguide layer and a p-Ga^^Al^N superlattice 
gradient layer; and a p-Ga 1 . Z4 Al Z4 N composition gradient 
layer provided between a p-Ga 1 _ zl Al zl N/GaN superlattice 
upper clad layer and a p-GaN contact layer. Z4 of the 
n-Ga 1 . Z4 Al Z4 N composition gradient layer is continuously 
changed from 0 to a composition corresponding to the band 
gap of the Ga^jAl^N/GaN superlattice clad layer. Z5 in 
the Ga a _ z5 Al zs N composition gradient layer is continuously 
changed from z2 to a composition corresponding to the band 
gap of the Gaj.^Al^N/GaN superlattice clad layer. 
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SEMICONDUCTOR LASER ELEMENT 

BACKGROUND OF THE INVENTION 
[0001] 1. Field of the Invention 

[0002] The invention relates to a semiconductor laser 
element and, in particular, to a semiconductor laser element 
having a semiconductor layer including an active layer 
formed a GaN layer. 

[0003] 2. Description of the Related Art 

[0004] In the field of manufacturing a high-density optical 
disc memory or printing using a photosensitive material, a 
semiconductor laser of 400 nm band having a micro-spot is 
expected to oscillate a fundamental transverse mode by a 
highly reliable Gaussian beam. 

[0005] Disclosed in Jpn. J. Appl. Pbys., Vol. 37, pp. 
L1020, issued in 1998 is "InGaN/GaN/AlGaN-Based Laser 
Diodes Grown GaN Substrates with a Fundamental Trans- 
verse Mode** by Nakamura et al. This is formed as follows: 
a GaN layer is formed on a sapphire substrate and then the 
thick GaN film formed by the use of selective growth by 
using Si0 2 as a mask is removed to make a GaN substrate, 
and on the GaN substrate are formed an n-GaN buffer layer, 
an n-InGaN crack preventing layer, an n-AlGaN/GaN modu- 
lation doped superlattice clad layer, an n-GaN optical 
waveguide layer, an n-InGaN/InGaN multiple quantum well 
active layer, a p-AlGaN carrier block layer, a p-GaN optical 
waveguide layer, a p-AlGaN/GaN modulation doped super- 
lattice clad layer, and a p-GaN contact layer. However, in 
this case, a refractive index guiding type structure is formed 
by forming a ridge structure of about 2 /xm and this semi- 
conductor laser can produce only the fundamental transverse 
mode oscillation, at most, of about 30 m W because it is very 
difficult to control the depth of etching. Further, although a 
try to reduce an element resistance is made by the use of the 
modulation doped superlattice clad layer, the element resis- 
tance is not sufficiently reduced and hence the reliability of 
the element is observed to be degraded by the joule heat 
generated when the element is operated. 

[0006] As described above, the above-mentioned structure 
presents a problem that a single mode laser having a small 
contact area with a contact layer is affected in a practical use 
by heat generation because the element resistance is large. 

SUMMARY OF THE INVENTION 

[0007] The invention has been made in view of the above 
problem, and it is an object of the invention to provide a 
semiconductor laser element producing a Gaussian beam of 
high quality having high reliability to a high power by 
reducing an element resistance and preventing the effect of 
heat generation. 

[0008] A first semiconductor laser element in accordance 
with the invention is composed of a GaN layer and at least 
a lower clad layer, a lower optical waveguide layer, an active 
layer, an upper optical waveguide layer, an upper clad layer, 
and a GaN contact layer all of which are laminated on the 
GaN layer in this order, is provided with a current injection 
window above the active layer, and is further composed of 
a first AlGaN composition gradient layer which is formed 
between the GaN layer and the lower clad layer so that a 
band gap thereof continuously changes from the GaN layer 



to the lower clad layer and a second AlGaN composition 
gradient layer which is formed between the upper clad layer 
and the GaN contact layer so that a band gap thereof 
continuously changes from the upper clad layer to the GaN 
contact layer. 

[0009] Further, the first semiconductor laser element in 
accordance with the invention may be composed of a third 
AlGaN composition gradient layer which is formed between 
the lower clad layer and the lower optical waveguide layer 
so that a band gap thereof continuously changes from the 
lower clad layer to the lower optical waveguide layer and a 
fourth AlGaN composition gradient layer which is formed 
between the upper optical waveguide layer and the upper 
clad layer and so that a band gap thereof continuously 
changes from the upper optical waveguide layer to the upper 
clad layer. 

[0010] It is desirable that the above-mentioned first semi- 
conductor laser element in accordance with the invention 
has an equivalent refractive index difference which is not 
less than 0.002 and not more than 0.01 in the case where a 
stripe width is not less than 1 and not more than 2.5 
and that it has an equivalent refractive index difference 
which is not less than 0.002 and not more than 0.015 in the 
case where a stripe width is not less than 2.5 fim. 

[0011] The second semiconductor laser element in accor- 
dance with the invention is composed of a GaN layer and at 
least a lower clad layer, a lower optical waveguide layer, an 
active layer, an upper optical waveguide layer, an upper clad 
layer, and a GaN contact layer all of which are laminated on 
the GaN layer in this order, is provided with a current 
injection window having a predetermined stripe width above 
the active layer, and is further composed of the first AlGaN/ 
GaN quantum well gradient layer which is formed between 
the GaN layer and the lower clad layer and which has an 
energy gap larger than the GaN layer and smaller than the 
lower clad layer and/or the second AlGaN/GaN quantum 
well gradient layer which is formed between the upper clad 
layer and the GaN contact layer and which has an energy gap 
larger than the upper clad layer and smaller than the GaN 
contact layer. 

[0012] Here the term, "the energy gap" refers to a sub- 
stantial energy gap, and the term "the energy gap in the 
quantum well gradient layer** refers to a substantial energy 
gap obtained in consideration of a tunnel effect. 

[0013] That is, in the second semiconductor laser clement 
in accordance with the invention, a difference in the energy 
gap between the neighboring layers is reduced by providing 
the AlGaN/GaN quantum well gradient layer having an 
energy gap of intermediate magnitude between the energy 
gaps of the upper and lower layers, the upper and lower 
layers being the GaN layer and the lower clad layer and/or 
the contact layer and the upper clad layer. 

[0014] Here, the quantum well gradient layer is composed 
of at least one quantum well layer and a pair of barrier layers 
sandwiching the quantum well layer. The quantum well 
gradient layer may be a single quantum well gradient layer 
having an energy gap connected stepwise to the energy gaps 
of the upper and lower layers, or may include multiple 
quantum well gradient layers. Also, in the case of the 
multiple quantum well gradient layers, the respective mul- 
tiple layers may be constituted so that the energy gaps of the 
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respective multiple layers continuously change and connect 
the energy gap between the upper and lower layers. 

[0015] It is desirable that the second semiconductor laser 
element in accordance with the invention is further com- 
posed of the third AlGaN/GaN quantum well gradient layer 
which is formed between the lower clad layer and the lower 
optical waveguide layer and which has a band gap smaller 
than the lower clad layer and larger than the optical 
waveguide layer, and/or the fourth AlGaN/GaN quantum 
well gradient layer which is formed between the upper 
optical waveguide layer and the upper clad layer and which 
has a band gap smaller than the upper clad layer and larger 
than the upper optical waveguide layer. 

[0016] Also in this case, as described above, the respective 
quantum well gradient layers may be a single quantum well 
gradient layer or may include multiple quantum well gradi- 
ent layers. Also, in the case of the multiple quantum well 
gradient layers, the respective multiple layers may be con- 
stituted so that the energy gaps of the respective multiple 
layers change in a stepwise or continuous manner. 

[0017] Of the barrier layers and the quantum layers con- 
stituting the respective quantum well gradient layers, only 
the barrier layers may be doped with impurities or both of 
the barrier layers and the quantum layers may be doped with 
impurities. 

[0018] It is desirable in the second semiconductor laser 
element in accordance with the invention that the above- 
mentioned stripe width is not less than 1 /mi and not more 
than 2.5 fan and that an equivalent refractive index differ- 
ence is not less than 0.002 and not more than 0.01 or that the 
above-mentioned stripe width is not less than 2.5 fan and 
that an equivalent refractive index difference is not less than 
0.002 and not more than 0.015. 

[0019] Since the first semiconductor laser element in 
accordance with the invention includes the first AlGaN 
composition gradient layer which is formed between the 
GaN layer and the lower clad layer so that the band gap 
thereof continuously changes from the GaN layer to the 
lower clad layer and the second AlGaN composition gradi- 
ent layer which is formed between the upper clad layer and 
the GaN contact layer so that the band gap thereof continu- 
ously changes from the upper clad layer to the GaN contact 
layer, the height of the barrier can be reduced because of the 
band offset produced between two layers sandwiching the 
composition gradient layer. This reduces the element resis- 
tance preventing a deterioration in characteristic caused by 
heat generation. Therefore, the characteristic and reliability 
of the semiconductor laser element can be improved pro- 
viding a beam of high quality. 

[0020] Further, since the first semiconductor laser element 
in accordance with the invention may include the third 
AlGaN/GaN composition gradient layer which is formed 
between the lower clad layer and the lower optical 
waveguide layer and which has a continuously changing 
band gap and/or the fourth AlGaN/GaN composition gradi- 
ent layer which is formed between the upper optical 
waveguide layer and the upper clad layer and which has a 
continuously changing band gap, the height of the barrier 
can be reduced in the same way as described above because 
of the band offset produced between two layers sandwiching 
the composition gradient layer. This reduces the element 



resistance. Therefore, the characteristic and reliability of the 
semiconductor laser element can be improved providing a 
beam of high quality. 

[0021] Since the first semiconductor laser element in 
accordance with the present invention has a stripe width of 
not less than 1 fan and not more than 25 /on and an 
equivalent refractive index difference of not less than 0.002 
and not more than 0.01, it can produce a fundamental 
transverse mode oscillation of high quality. Also, since the 
first semiconductor laser element in accordance with the 
invention has a stripe width of not less than 2.5 fan and an 
equivalent refractive index difference of not less than 0.002 
and not more than 0.015, it can produce a stable oscillation 
mode even if multiple modes are included. 

[0022] Since the second semiconductor laser element in 
accordance with the invention includes the first AlGaN/GaN 
quantum well gradient layer which is formed between the 
GaN layer and the lower clad layer and which has an energy 
gap larger than the GaN layer and smaller than the lower 
clad layer and/or the second AlGaN/GaN quantum well 
gradient layer which is formed between the upper clad layer 
and the GaN contact layer and which has an energy gap 
larger than the GaN contact layer and smaller than the upper 
clad layer, the height of the barrier can be reduced because 
of the band offset produced between two layers sandwiching 
the quantum well gradient layer. This reduces the element 
resistance as a whole preventing a deterioration in charac- 
teristic caused by heat generation. Therefore, the character- 
istic and reliability of the semiconductor laser element can 
be improved providing a beam of high quality. 

[0023] Further, the second semiconductor laser element in 
accordance with the invention may include the third AlGaN/ 
GaN quantum well gradient layer which is formed between 
the lower clad layer and the lower optical waveguide layer 
and which has a band gap smaller than the lower clad layer 
and larger than the optical waveguide layer, and/or the fourth 
AlGaN/GaN quantum well gradient layer which is formed 
between the upper optical waveguide layer and the upper 
clad layer and which has a band gap smaller than the upper 
clad layer and larger than the upper optical waveguide layer, 
the height of the barrier can be reduced in the same way as 
described above because of the band offset produced 
between two layers sandwiching the GaN contact layer 
gradient layer. This reduces the element resistance. There- 
fore, the characteristic and reliability of the semiconductor 
laser element can be improved providing a beam of high 
quality. 

[0024] Still further, since the second semiconductor laser 
element in accordance with the invention has a stripe width 
of not less than 1 fan and not more than 2.5 fan and an 
equivalent refractive index difference of not less than 0.002 
and not more than 0.01, it can produce a fundamental 
transverse mode oscillation of high quality. 

[0025] Still further, since the second semiconductor laser 
element in accordance with the invention has a stripe width 
of not less than 2.5 fim and an equivalent refractive index 
difference of not less than 0.002 and not more than 0.015, it 
can produce multiple modes being as a whole stable oscil- 
lation mode with little noises. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] FIG. 1 is a cross-sectional view showing a semi- 
conductor laser element in accordance with the first pre- 
ferred embodiment of the invention; 

[0027] FIG. 2 is an illustration showing a band gap energy 
of a semiconductor laser element in accordance with the first 
preferred embodiment of the invention; 

[0028] FIG. 3 is a diagram showing the voltage — current 
characteristics of a semiconductor laser element for the case 
where an AlGaN composition gradient layer is used and for 
the case where the AlGaN composition gradient layer is not 
used; 

[0029] FIG. 4 is a cross-sectional view showing a semi- 
conductor laser element in accordance with the second 
preferred embodiment of the invention; 

[0030] FIG. 5A and 5B are illustrations showing the 
composition and the energy gap of a quantum well gradient 
layer in a semiconductor laser element in accordance with 
the second preferred embodiment of the invention; and 

[0031] FIG. 6 is a diagram showing the voltage — current 
characteristics of a semiconductor laser element in the case 
where a quantum well gradient layer is used and in the case 
where the quantum well gradient layer is not used. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0032] The preferred embodiments of the invention will be 
described in detail with reference to the accompanying 
drawings. 

[0033] A semiconductor laser element in accordance with 
the first preferred embodiment of the invention will be 
described along with the cross-sectional view of the semi- 
conductor laser element shown in FIG. 1. Trimethyl gallium 
(TMG), trimetyl indium (TMI), trimethyl aluminum (TMA), 
and ammonia are used as growth materials and a silane gas 
is used as an n-type dopant and a cyclopentadienylmagne- 
sium (Cp 2 Mg) is used as a p-type dopant. As shown in FIG. 
1, a GaN buffer layer 12 is formed on a (0001) plane 
sapphire substrate 11 in a thickness of about 20 nm at a 
temperature of 500° C. through a metal organic chemical 
vapor deposition method. Subsequently, a GaN layer 13 is 
grown to a thickness of about 2 /on at a temperature of 1050° 
C. Then, a Si0 2 film 14 (not shown) is formed and a resist 

15 (not shown) is applied thereto. Subsequently, the 
SiO z film 14 (not shown) is removed, by the use of an 
ordinary lithography, in the direction of 

<1 1 0 0> (Expression 1) 

[0034] of the substrate in the form of stripes each having 
a width of 3 /on at intervals of about 10 /on to form a line 
and space pattern. The GaN layer 12 and the GaN layer 13 
are removed through dry etching to the extent of the top 
surface of the sapphire substrate U by using the resist 15 and 
the Si0 2 film 14 as a mask and using a chlorine-based gas. 
At this time, the sapphire substrate 11 may be etched. After 
the resist 15 (not shown) and the Si0 2 film 14 (not shown) 
are removed, a GaN layer 16 is selectively grown in a 
thickness of about 10 [.an. At this time, the GaN layer 16 is 
grown in the transverse direction to connect the respective 
stripes to each other, whereby the surface of the GaN layer 

16 is finally leveled. Next, an Si0 2 film 17 is formed thereon 



and then the Si0 2 film 17 is removed through the ordinary 
lithography in the form of stripes leaving regions each 
covering a portion under which the GaN layer 13 lies and 
having a width of about 7 fan. Subsequently, a GaN layer 18 
is further grown thereon. The GaN layer 18 is grown also in 
the transverse direction to finally connect the stripes to each 
other, whereby the surface of the GaN layer 46 is finally 
leveled. 

[0035] Subsequently, an n-GaN contact layer 19, an 
n-Ga 1 _ Z4 Al Z4 N composition gradient layer 20 (thickness: 
about 0.2 /mi), an n-Ga^^Al^N/GaN superlattice clad 
layer 21, an n-Ga 1 . zs Al Z5 N composition gradient layer 22 
(thickness: about 0.1 /an), an n- or i-Ga 1 .^Al^N optical 
waveguide layer 23, an In^Gaj.^N (doped with Si)/ 
In xl Ga 1 _ xl N multiple quantum well active layer 
(0.5>xl>x2>0) 24, a p-Ga 1 _ Z3 Al 23 N carrier blocking layer 
25, a p- or i-Ga^^Al^N optical waveguide layer 26, a 
p-Ga^zjAl^N composition gradient layer 27 (thickness: 
about 0.1 /an), a p-Ga 1 . zl Al zl N/GaN superlattice upper clad 
layer 28, a p-Ga 1 _ Z4 Al Z4 N composition gradient layer 29 
(thickness: about 0.2 /on), and a p-GaN contact layer 30 are 
grown. Subsequently, an SiO z film 31 (not shown) and a 
resist (not shown) are formed thereon and then the resist and 
the Si0 2 film 31 are removed through the ordinary lithog- 
raphy in the form of stripes leaving stripe regions each 
having a width of 1 pan to 2.5 /an. The p-Ga^^Al^N/GaN 
superlattice clad layer 28 is selectively etched to the middle 
of the layer by means of a reactive ion etching apparatus 
(RIE) using the resist and the Si0 2 film 31, which are left in 
the form of stripes, as a mask to thereby form ridge portions. 
The p-Gaj.zjAlzjN/GaN superlattice clad layer 28 is left in 
a thickness capable of achieving a fundamental transverse 
mode oscillation. 

[0036] Next, the resist (not shown) and Si0 2 film 31 (not 
shown) are removed- Subsequently, an Si0 2 film (not 
shown) and a resist (not shown) are formed and then the 
SiO z film and the resist are removed through the ordinary 
lithography from the regions outside the above-mentioned 
stripe region and outside a region of 20 /on in width from the 
respective side ends of the stripe region in the direction of 
width of the stripe region. Then, the laminated layers are 
etched away to the level where the n-GaN contact layer 19 
is exposed, using the remaining Si0 2 film and resist as a 
mask by means of the RIE. Thereafter, the resist (not shown) 
and the Si0 2 film 31 (not shown) are all removed. 

[0037] Next, an insulating film 32 is formed thereon and 
n -electrodes 36 made of Ti/Al are formed. Also, p-electrodes 
34 made of Ni/Au are formed in the form of stripes on the 
surface of the p-type contact layer 30. Thereafter, a high 
reflection coat and a low reflection coat are applied to the 
surfaces of resonators formed by grinding the substrate and 
cleaving a sample and then the substrate is divided into chips 
to form semiconductor laser elements. 

[0038] Assume that the compositions of AlGaNs 
described above satisfy the following conditions: 
0<z2<zl<l and z2<z3<0.4; Z4 is continuously changed 
from zero to a composition corresponding to the band gap of 
the superlattice clad layer; Z5 is continuously changed from 
z2 to a composition corresponding to the band gap of the 
superlattice clad layer. 

[0039] Further, assuming that an equivalent refractive 
index of light propagating in the direction perpendicular to 
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the bottom side of a ridge is oA and that an equivalent 
refractive index of light propagating in the direction per- 
pendicular to a ridge portion is nB, an equivalent refractive 
index difference expressed by nB-nA can be controlled in 
the range of 

2xlO _3 <JiB-rtA<lxlO- 2 

[0040] by controlling the thickness of the upper clad layer 
28. 

[0041] A wavelength X. oscillated by the above-mentioned 
semiconductor laser element can be controlled in the range 
of 

360 nm <k<550 nm 

[0042] by controlling the composition of the active layer. 

[0043] A molecular beam epitaxial growth method using a 
solid or a gas as a raw material may be used as a method of 
growing the respective layers described above. 

[0044] Although an n-type substrate is used in the present 
preferred embodiment, a p-type substrate may instead be 
used. In that case, the conductivities of the respective layers 
are inverted (i.e., a p-type conductivity is replaced by an 
n-type conductivity). 

[0045] Although a refractive index guiding type laser of a 
ridge structure has been described in the present preferred 
embodiment, the invention can be applied also to a laser 
having a current confining structure therein and a laser 
having a refractive index guiding type mechanism with a 
built-in ridge structure. 

[0046] Although a sapphire substrate has been used as a 
substrate in the present preferred embodiment, an SiC sub- 
strate, a ZnO substrate, an LiGa0 2 substrate, an IiA10 2 
substrate, a GaAs substrate, a GaP substrate, a Ge substrate, 
or an Si substrate may be used. 

[0047] Further, layers in accordance with the invention 
may be formed on a conductive GaN substrate from which 
a sapphire substrate has been removed. 

[0048] Further, although a semiconductor laser oscillating 
a fundamental transverse mode has been described in the 
present preferred embodiment, a wide-stripe semiconductor 
laser having a stripe width of 2.5 [tm or more and a low noise 
level may be formed, and this semiconductor laser can be 
used also as an exciting light source for a frequency con- 
version element or a fiber laser. 

[0049] Since an AlGaN composition gradient layer in 
which a band gap continuously changes is provided in the 
present preferred embodiment, the barrier height caused by 
a band offset can be reduced and hence an element resistance 
can be reduced. Therefore, the heat generation of the ele- 
ment can be reduced to improve the reliability of the element 
providing a Gaussian beam of high quality. 

[0050] Next, the band gap energy of a semiconductor laser 
clement in accordance with the above-mentioned first pre- 
ferred embodiment of the invention will be described refer- 
ring to FIG. 2. Reference numerals correspond to those in 
FIG. 1 and the description thereof will be omitted. 

[0051] As shown in FIG. 2, Z4 in the n-Ga^Al^N 
composition gradient layer 20 continuously increases a band 



gap energy from the band gap energy of the n-GaN contact 
layer 19 to the band gap energy in the n-Ga^jAl^N/GaN 
superlattice clad layer 21. 

[0052] Further, z5 in the n-Ga 1 . z5 Al zs N composition gra- 
dient layer 22 continuously deccreases a band gap energy 
from the band gap energy of the n-Gaj^Al^N/GaN super- 
lattice clad layer 21 to the band gap energy of the n- or 
i-Ga^^Al^N optical waveguide layer 23. 

[0053] Still further, Z5 in the p-Ga 1 . z5 Al Z5 N composition 
gradient layer 27 continuously increases a band gap energy 
from the band gap energy of the p or i-Ga^j^Al^N optical 
waveguide layer 26 to the band gap energy of the p-Ga^ 
ziAl^N/GaN superlattice clad layer 28. 

[0054] Still further, z4 in the p-Gaj.^Al^N composition 
gradient layer 29 continuously decreases a band gap energy 
from the band gap energy of the p-Ga 1 . zl Al zl N/GaN super- 
lattice clad layer 28 to the band gap energy of the p-GaN 
contact layer 30. 

[0055] As described above, it is desirable that the com- 
positions of the composition gradient layers are determined 
such that the band gaps of the respective gradient layers 
substantially agree with those of the neighboring clad layers 
or optical waveguide layers at the respective interfaces 
thereof. 

[0056] Next, the element resistance of the semiconductor 
laser element for the case where the AlGaN composition 
gradient layer is used and for the case where the AlGaN 
composition gradient layer is not used will be described 
referring to FIG. 3. 

[0057] The semiconductor laser element used for the 
evaluation shown in FIG. 3 is obtained by setting the 
compositions of the semiconductor laser element of the 
above-mentioned first preferred embodiment at the follow- 
ing values: zl=0.14, z2=0, z3=0.15, xl=0.14, x2=0.02, and 
the mean composition of the superlattice clad layer =0.07. 
The size of an electrode is 5 /*mx500 /an. A reference 
character (c) in FIG. 3 designates a semiconductor laser 
element having no AlGaN composition gradient layers 20, 
22, 27, and 29 in the above-mentioned semiconductor laser 
element. Further, a reference character (a) in FIG. 3 desig- 
nates a semiconductor laser element having the AlGaN 
composition gradient layers only between the superlattice 
clad layer 21 and the n-GaN layer 19 and between the 
superlattice clad layer 28 and the n-GaN contact layer 30. 
Still further, a reference character (b) in FIG. 3 designates 
a semiconductor laser element having an AlGaN composi- 
tion gradient layer between the n- or i-Ga^^Al^N optical 
waveguide layer 23 and the superlattice clad layer 21 and 
another AlGaN composition gradient layer between the p- or 
i-Ga 1 _ Z2 Al Z2 N optical waveguide layer 26 and the superlat- 
tice clad layer 28, in addition to the composition of the 
reference character (a). 

[0058] As shown in FIG. 3, the element resistance 
decreases in the case of (a) and (b) where the AlGaN 
composition gradient layers are provided as compared with 
the case of (c) where the AlGaN composition gradient layer 
is not provided. Also, the element resistance further 
decreases in the case of (b) where the additional AlGaN 
composition gradient layer is further provided between the 
optical waveguide layer and the superlattice clad layer, as 
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compared with the case of (a), which reveals that the 
composition (b) is more desirable. 

[0059] Next, a semiconductor laser element in accordance 
with the second preferred embodiment of the invention is 
described. The cross-sectional view of the semiconductor 
laser element is shown in FIG. 4. 

[0060] Trimethylgallium (TMG), trimetylindium (TMI), 
trimethylaluminum (TMA), and ammonia are used as 
growth materials and a silane gas is used as an n-type dopant 
gas and a cyclopentadienylmagnesium (Cp2Mg) is used as 
a p-type dopant. As shown in FIG. 4, a GaN buffer layer 42 
is formed on a (0001) plane sapphire substrate 41 in a 
thickness of about 20 nm at a temperature of 500° C. by a 
metal organic chemical vapor deposition method. Subse- 
quently, a GaN layer 43 is grown to a thickness of about 2 
fan at a temperature of 1050° C Then, a Si0 2 film (not 
shown) is formed and then a resist (not shown) is applied 
thereto. Subsequently, the Si0 2 film is removed, by the use 
of an ordinary lithography, in the direction of 

<1 1 0 0> (Expression 1) 

[0061] of the substrate in the form of stripes each having 
a width of 5 fan at intervals of about 10 fan to form a line 
and space pattern. Parts of the GaN buffer layer 42 and the 
GaN layer 43 are removed through dry etching to the extent 
of the top surface of the sapphire substrate 41 by using the 
resist and the Si0 2 film as a mask and using a chlorine based 
gas. At this time, the sapphire substrate 41 may be etched. 
After the resist and the Si0 2 film are removed, a GaN layer 
46 is selectively grown to a thickness of about 10 fan on the 
GaN layer 43 and the exposed sapphire substrate 41. At this 
time, the GaN layer 46 is grown in the transverse direction 
with the exposed portion of the sapphire substrate 41 as the 
nucleus of growth, whereby the surface of the GaN layer 46 
is finally leveled. Next, a Si0 2 film 47 is formed thereon and 
then the Si0 2 film 47 is removed through the ordinary 
lithography in the form of stripes to leave regions each 
covering a portion under which the GaN layer 43 lies and 
having a width of about 7 fan. Subsequently, a GaN layer 48 
is further grown on the Si0 2 film 47 and the exposed GaN 
layer 46. The GaN layer 48 is grown in the transverse 
direction taking the exposed portion of the GaN layer 46 as 
the nucleus of growth, whereby the surface of the GaN layer 
48 is finally leveled. 

[0062] Formed subsequently on the GaN layer 48 are an 
n-GaN contact layer 49, an n-Gal ZSAl^N (2.5 nm)/GaN 
(2.5 nm) multiple quantum well step-gradient layer 50 
(about 0.1 jum), which is the first quantum well gradient 
layer, an n-Ga^^Al^N (2.5 nm)/GaN (2.5 nm) superlattice 
clad layer 51, which is a lower clad layer, an n-Ga 1 . Z4 Al Z4 N 
(2.5 nm)/GaN (2.5 nm) multiple quantum well step-gradient 
layer 52 (about 0.1 fan), which is the third quantum well 
gradient layer, an n-Ga 1 . Z2 Al Z2 N optical waveguide layer 
53, which is a lower optical waveguide layer, an In^Gaj. 
x2N (doped with Si)/In Jtl Ga J _ xl N multiple quantum well 
active layer (05>xl>x2>0) 54, a p-Ga^^Al^N carrier 
blocking layer 55, a p-Gaj.^Al^jN optical waveguide layer 
56, which is an upper optical waveguide layer, a p-Ga^ 
Z4A1 Z4 N (23 nm)/GaN (2.5 nm) multiple quantum well 
step-gradient layer 57 (about 0.1 fim), which is the fourth 
quantum well gradient layer, a p-Ga^jAlzjN (2.5 nm)/GaN 
(2.5 nm) superlattice clad layer 58, which is an upper clad 
layer, a p-Ga^^Al^N (2.5 nm)/GaN (2.5 nm) multiple 



quantum well step-gradient layer 59 (about 0.2 fan), which 
is the second quantum well gradient layer, and a p-GaN 
contact layer 60. Subsequently, an Si0 2 film (not shown) and 
a resist (not shown) are formed thereon and then the resist 
and the Si0 2 film are removed through the ordinary lithog- 
raphy in the form of stripes leaving stripe regions each 
having a width of 1 fan to 25 fan. The p-type superlattice 
clad layer 58 is selectively etched to the middle of the layer 
by means of a reactive ion etching apparatus (RIE) using the 
resist and the Si0 2 film 31, which are left in the form of 
stripes, as a mask to thereby form ridge portions. The 
thickness of the p-type superlattice clad layer 58 left after 
etching is a thickness capable of achieving a fundamental 
transverse mode oscillation. 

[0063] Next, the resist and the Si0 2 film used as the mask 
when the above-mentioned ridge portions are formed are 
removed. Subsequently, an Si0 2 film (not shown) and a 
resist (not shown) are formed on the surface of the laminated 
layers and then the Si0 2 film and the resist are removed 
through the ordinary lithography from regions outside the 
above-mentioned stripe region and outside a region of 20 fan 
in width from the respective side ends of the stripe region in 
the direction of width of the stripe region. Then, the lami- 
nated layers are etched away to the level where the n-GaN 
contact layer 49 is exposed by using the remaining Si0 2 film 
and resist as a mask by means of the RIE. Thereafter, the 
resist and the Si0 2 film are all removed. 

[0064] Next, an insulating film 62 is formed thereon and 
n -electrodes 66 made of Ti/Al in the form of stripes are 
formed on the exposed surface of the n-GaN layer 49. Also, 
p -electrodes 64 made of Ni/Au in the form of stripes are 
formed on the surface of the p-GaN contact layer 60. 
Thereafter, a high reflection coat and a low reflection coat 
are applied to the surfaces of resonators formed by grinding 
the substrate 41 and cleaving a sample and then the substrate 
41 is divided into chips to form semiconductor laser ele- 
ments. 

[0065] Here, assume that the compositions of AlGaNs 
described above satisfy the conditions of: 0^z2<zl<l, 
z2<z5, and z2<z4. 

[0066] Further, assuming that an equivalent refractive 
index of light propagating in the direction perpendicular to 
the bottom side of a ridge is nA and that an equivalent 
refractive index of light propagating in the direction per- 
pendicular to a ridge portion is nB, an equivalent refractive 
index difference expressed by nB-nA can be controlled in 
the range of 

2xio- 3 <«fl-nA<iii(r 2 

[0067] by controlling the thickness of the p-type superlat- 
tice clad layer 51, which is the upper clad layer. 

[0068] Shown In FIG. 5A and 5B are specific examples of 
Gaj.z^Al^N/GaN multiple quantum well step-gradient lay- 
ers 50 and 59, each of which is the first quantum well 
gradient layer disposed between the n-GaN layer 49 and the 
n-type superlattice clad layer 51 or the second quantum well 
gradient layer disposed between the p-type superlattice clad 
layer 58 and the p-GaN contact layer 60. FIG. 5A is an 
embodiment of the Ga 1 _ Z3 Al Z3 N/GaN multiple quantum 
well step-gradient layer in which an energy gap changes in 
a stepwise manner, and FIG. 5A is an embodiment of the 
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Gaj.z^zjN/GaN multiple quantum well step-gradient 
layer in which an energy gap changes continuously. 

[0069] In FIG. 5, a vertical axis indicates an aluminum 
composition (z3) and an energy gap (Eg) and a horizontal 
axis indicates a distance from a layer having a lower energy 
gap out of layers sandwiching a quantum well gradient layer. 
Mere, the broken line in the diagram shows a substantial 
energy gap obtained in consideration of a quantum effect. 
The Ga 1 _ Z3 Al z3 N/GaN multiple quantum well gradient 
layer is composed of Ga^z^M^H barrier layers and GaN 
quantum well layers which are alternately disposed. In the 
case where the energy gap is increased, the energy gap 
increases as the Al composition z3 in the Ga 1 _ Z3 Al Z3 N 
barrier layer is increased, whereas the energy gap decreases 
as the Al composition z3 of the Ga 1 _2 3 Al Z3 N barrier layer is 
decreased. The energy gap may be increased in a stepwise 
manner as shown in FIG. 5 A, on may be continuously 
changed as shown in FIG. 5B. For example, it is recom- 
mended that the substantial energy gap of the first quantum 
well gradient layer disposed between the n-GaN layer 49 
and the n-type superlattice clad layer 51 be increased in a 
stepwise or continuous manner from the n-GaN layer 49 
having a small energy gap to the n-type superlattice clad 
layer 51 having a large energy gap to connect the energy gap 
of the upper layer to the energy gap of the lower layer. 

[0070] In this connection, although the above description 
refers to the first quantum well gradient layer disposed 
between the n-GaN layer 49 and the n-type superlattice clad 
layer 51 (or the second quantum well gradient layer disposed 
between the p-GaN contact layer 60 and the p-type super- 
lattice clad layer 58), the substantial energy gaps of the third 
and fourth quantum well gradient layers, each of which is 
disposed between the optical waveguide layer and the clad 
layer, can also be changed in the same way by changing the 
Al composition z4 of the Ga 1 _ Z4 Al Z4 N barrier layer to 
connect the energy gap of the upper optical waveguide layer 
to the energy gap of the lower clad layer. 

[0071] Here, it is desirable that the compositions of the 
composition gradient layers are determined such that the 
energy gaps of the respective gradient layers substantially 
agree with those of the neighboring clad layers or optical 
waveguide layers at the respective interfaces thereof. 

[0072] As for a method of growing the respective layers, 
a molecular beam epitaxial growth method using a solid or 
a gas as a raw material may be used. 

[0073] Although an n-type substrate is used in the present 
preferred embodiment, a p-type substrate may instead be 
used. In that case, the conductivities of the respective layers 
are inverted (i.e. a p-type conductivity is replaced by an 
n-type conductivity). 

[0074] Although only the barrier layer of the gradient 
layer is doped in the above constitution, the quantum well 
layer may also be doped. 

[0075] Although a refractive index guiding type laser 
having a ridge structure is used in the present preferred 
embodiment, the invention can be applied also to a laser 
having a current confining structure therein and a laser 
having a refractive index waveguide type mechanism with a 
built-in ridge structure. 



[0076] A wavelength X oscillated by the above-mentioned 
semiconductor laser element can be controlled within the 
range of 

360 nm<k<550 run 

[0077] by controlling the composition of the active layer. 

[0078] Although a sapphire substrate is used as a substrate 
in the above embodiment, an SiC substrate, a ZnO substrate, 
an IiGa0 2 substrate, an LiA10 2 substrate, a GaAs substrate, 
a GaP substrate, a Ge substrate, and an Si substrate may 
instead be used. 

[0079] Further, layers in accordance with the invention 
may be formed by growing a conductive GaN layer on a 
sapphire substrate and then growing the other layers on the 
conductive GaN layer from which the sapphire substrate is 
removed. 

[0080] Further, although a semiconductor laser described 
in the above embodiment works in a fundamental transverse 
mode, a wide-stripe semiconductor laser having a stripe 
width of 2.5 fim or more may be formed. Such a semicon- 
ductor laser element having the constitution in accordance 
with the invention can reduce noises even when working in 
multiple modes. This wide-stripe semiconductor laser can be 
also used as a preferred exciting fight source for a frequency 
conversion element or a fiber laser. 

[0081] Since a multiple quantum well step-gradient layer 
in which a band gap continuously changes is provided in the 
present preferred embodiment, the barrier height caused by 
a band offset and hence an element resistance can be 
reduced. Therefore, the heat generation of the element can 
be reduced to improve reliability and to provide a Gaussian 
beam of high quality. 

[0082] Next, shown in FIG. 6 are the voltage — current 
characteristics of a semiconductor laser for the case where a 
quantum well gradient layer is provided and for the case 
where the quantum well gradient layer is not provided. 

[0083] The semiconductor laser element used for the 
evaluation shown in FIG. 6 is obtained by setting the 
compositions of the semiconductor laser element of the 
above-mentioned preferred embodiment at the values of: 
zl=0.16, x2=0.02, xl=0.14, z5=0.15, and z2=0. The size of 
an electrode is 5 //mx500 fan. A single dot and dash line (a) 
in FIG. 6 represents a semiconductor laser element having 
Ga 1 . Z3 Al Z3 N/GaN multiple quantum well step-gradient lay- 
ers 50 and 59, the former of which is disposed between the 
n-GaN layer 49 and the superlattice clad layer 51 and the 
latter of which is disposed between the superlattice clad 
layer 58 and the p- GaN contact layer 60. A broken line (b) 
represents a semiconductor laser element having Ga,_ 
zaAl^N/GaN multiple quantum well step-gradient layers 50 
and 59, the former of which is disposed between the n-GaN 
layer 49 and the superlattice clad layer 51 and the latter of 
which is disposed between the superlattice clad layer 58 and 
the p-GaN contact layer 60, and further having Gaj_ 
z^Al^N/GaN multiple quantum well step-gradient layers 52 
and 57, each of which is provided between the optical 
waveguide layer 53 and the n-type superlattice clad layer 51 
or between the optical waveguide layer 56 and the p-type 
superlattice clad layer 58. Here, in the Gaj.z^Al^N/GaN 
multiple quantum well step-gradient layers 50 and 59, the 
energy gap changes in three steps of z3=0.12, 0.08 and 0.04, 
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and ten barrier layers and ten quantum well layers are 
formed in the respective compositions. Further, a solid line 
(c) in FIG. 6 represents a semiconductor laser element 
having none of the quantum well step-gradient layers 50, 52, 
57, and 59. 

[0084] As is evident from the diagram shown in FIG. 6, 
the semiconductor laser elements (a) and (b) according to 
the invention having at least one quantum well gradient 
layer (quantum well step-gradient layer) have a sharper rise 
in the voltage — current characteristic as compared with the 
conventional semiconductor element (c) and hence can 
provide the same current at a lower voltage than the con- 
ventional element (c). Further, the element (b) having four 
quantum well gradient layers shows a better characteristic 
than the element (a) having two quantum well gradient 
layers. It is thought that this is because the quantum well 
gradient layer reduces the resistance of the element. 

[0085] In this manner, the semiconductor laser element in 
accordance with the present invention can reduce the resis- 
tance and the heat generation of the element to a level lower 
than that of the conventional semiconductor element, hence 
providing high reliability. 

[0086] Further, the semiconductor laser element in accor- 
dance with the present invention having lower element 
resistance and a Gausssian beam of high quality can be 
applied to a light source of fields such as a high-speed 
information/image processing, communications, measure- 
ment, medical care, printing and the like. 

[0087] While the invention has been described in connec- 
tion with the preferred embodiments, it should be under- 
stood that the invention is not limited thereto. On the 
contrary, the invention covers all alternatives, modifications, 
and equivalents which may be included within the spirit and 
scope of the invention as defined by the appended claims. 

What is claimed is: 

1. A semiconductor laser element comprising: 

a GaN layer; 

a lower clad layer; 

a lower optical waveguide layer; 

an active layer; 

an upper optical waveguide layer; 
an upper clad layer; 
a GaN contact layer, 

wherein the lower clad layer, the lower optical waveguide 
layer, the active layer, the upper clad optical waveguide 
layer, the upper clad layer, and the GaN contact layer 
are laminated on the GaN layer in this order and 
wherein a current injection window is provided above 
the active layer, further comprising 

a first AlGaN composition gradient layer which is pro- 
vided between the GaN layer and the lower clad layer 
so that a band gap thereof continuously changes from 
the GaN layer to the lower clad layer, and 

a second AlGaN composition gradient layer which is 
provided between the upper clad layer and the GaN 



contact layer so that a band gap thereof continuously 
changes from the upper clad layer to the GaN contact 
layer. 

2. A semiconductor laser element as claimed in claim 1, 
further comprising: 

a third AlGaN composition gradient layer which is pro- 
vided between the lower clad layer and the lower 
optical waveguide layer so that a band gap thereof 
continuously changes from the lower clad layer to the 
lower optical waveguide layer, and 

a fourth AlGaN composition gradient layer which is 
provided between the upper optical waveguide layer 
and the upper clad layer and so that a band gap thereof 
continuously changes from the upper optical 
waveguide layer to the upper clad layer. 

3. A semiconductor laser element as claimed in claim 1, 
wherein a stripe width is not less than 1 fxm and not more 
than 2.5 /an, and wherein an equivalent refractive index 
difference is not less than 0.002 and not more than 0.01. 

4. A semiconductor laser element as claimed in claim 2, 
wherein a stripe width is not less than 1 /an and not more 
than 2.5 /on, and wherein an equivalent refractive index 
difference is not less than 0.002 and not more than 0.01. 

5. A semiconductor laser element as claimed in claim 1, 
wherein a stripe width is not less than 2.5 /on, and wherein 
an equivalent refractive index difference is not less than 
0.002 and not more than 0.015. 

6. A semiconductor laser element as claimed in claim 2, 
wherein a stripe width is not less than 2.5 /on, and wherein 
an equivalent refractive index difference is not less than 
0.002 and not more than 0.015. 

7. A semiconductor laser element comprising: 

a GaN layer, 

a lower clad layer; 

a lower optical waveguide layer; 

an active layer; 

an upper optical waveguide layer; 
an upper clad layer; 
a GaN contact layer; 

wherein the lower clad layer, the lower optical waveguide 
layer, the active layer, the upper optical waveguide 
layer, the upper clad layer, and the GaN contact layer 
are laminated on the GaN layer in this order and 
wherein a current injection window having a predeter- 
mined stripe width is provided above the active layer, 
further comprising 

a first AlGaN/GaN quantum well gradient layer which is 
provided between the GaN layer and the lower clad 
layer and which has an energy gap larger than the GaN 
layer and smaller than the lower clad layer, and/or 

a second AlGaN/GaN quantum well gradient layer which 
is provided between the upper clad layer and the GaN 
contact layer and which has an energy gap larger than 
the GaN contact layer and smaller than the upper clad 
layer. 
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8. A semiconductor laser element as claimed in claim 7, 
further comprising: 

a third AlGaN/GaN quantum well gradient layer which is 
provided between the lower clad layer and the lower 
optical waveguide layer and which has an energy gap 
smaller than the lower clad layer and larger than the 
lower optical waveguide layer, and/or 

a fourth AlGaN/GaN quantum well gradient layer which 
is provided between the upper optical waveguide layer 
and the upper clad layer and which has an energy gap 
smaller than the upper clad layer and larger than the 
upper optical waveguide layer 

9. A semiconductor laser element as claimed in claim 7, 
wherein, of barrier layers and quantum well layers consti- 
tuting the respective quantum well gradient layers, only the 
barrier layers or both of the barrier layers and the quantum 
well layers are doped with impurities. 

10. A semiconductor laser element as claimed in claim 8, 
wherein, of barrier layers and quantum well layers consti- 
tuting the respective quantum well gradient layers, only the 
barrier layers or both of the barrier layers and the quantum 
well layers are doped with impurities. 

11. A semiconductor laser element as claimed in claim 7, 
wherein the stripe width is not less than 1 /mi and not more 
than 2.5 /on, and wherein an equivalent refractive index 
difference is not less than 0.002 and not more than 0.01. 

12. A semiconductor laser element as claimed in claim 8, 
wherein the stripe width is not less than 1 /an and not more 



than 2.5 //m, and wherein an equivalent refractive index 
difference is not less than 0.002 and not more than 0.01. 

13. A semiconductor laser element as claimed in claim 9, 
wherein the stripe width is not less than 1 fim and not more 
than 2.5 /an, and wherein an equivalent refractive index 
difference is not less than 0.002 and not more than 0.01. 

14. A semiconductor laser element as claimed in claim 10, 
wherein the stripe width is not less than 1 /mi and not more 
than 2.5 /an, and wherein an equivalent refractive index 
difference is not less than 0.002 and not more than 0.01. 

15. A semiconductor laser element as claimed in claim 7, 
wherein the stripe width is not less than 2.5 /an, and wherein 
an equivalent refractive index difference is not less than 
0.002 and not more than 0.015. 

16. A semiconductor laser element as claimed in claim 8, 
wherein the stripe width is not less than 2.5 /on, and wherein 
an equivalent refractive index difference is not less than 
0.002 and not more than 0.015. 

17. A semiconductor laser element as claimed in claim 9, 
wherein the stripe width is not less than 2.5 /an, and wherein 
an equivalent refractive index difference is not less than 
0.002 and not more than 0.015. 

18. A semiconductor laser element as claimed in claim 10, 
wherein the stripe width is not less than 2.5 /an, and wherein 
an equivalent refractive index difference is not less than 
0.002 and not more than 0.015. 

* * * * * 



